were studied as model systems. We found that the luminescence QY of the excitons confined in the 0D-like states can be more than at least one order larger (~18%) than that of the intrinsic 1D excitons (typically ~1%), not only because of the reduced non-radiative decay pathways but also owing to an enhanced radiative 2 recombination probability beyond that of intrinsic 1D excitons. Our findings are extendable to the realization of future nanoscale photonic devices including a near-infrared single-photon emitter operable at room temperature.
recombination probability beyond that of intrinsic 1D excitons. Our findings are extendable to the realization of future nanoscale photonic devices including a near-infrared single-photon emitter operable at room temperature.
The low luminescence quantum yield (QY) of semiconducting carbon nanotubes [hereafter, referred as (carbon) nanotubes], which is typically at most only a few percent for dispersed nanotubes 7, 8, [15] [16] [17] , is deeply related to their one-dimensional (1D) nature. The balance between radiative and non-radiative relaxation rates (i.e., the probability) of electron-hole bound states, called excitons 12, 13 , determines the nanotube luminescence QY. Fast non-radiative decay, which dominates the exciton recombination in nanotubes and results in their low luminescence QY, is mainly caused by the quenching of 1D, mobile excitons owing to the rapid collision between these excitons and local quencher states, which include nanotube defects and end sites [4] [5] [6] 8, 9 .
Moreover, the temperature (T)-limited radiative relaxation rate (∝T -1/2 ), characteristic for 1D excitons, substantially reduces the QY at room temperature 2, 3, 7 . Efforts to improve the luminescence QY by reducing the defect quenching of excitons 18, 19 have been reported. Conversely, if a local defect is not an exciton quencher [18] [19] [20] but luminescent by virtue of appropriate local electronic structures 14, [21] [22] [23] [24] [25] , the local state may function as a 0D-like quantum state that captures mobile excitons and converts them to photons (as shown in Figure 1 ) with a radiative relaxation rate possibly lying beyond that of intrinsic 1D excitons. Therefore, 1D nanotubes with luminescent, local 0D-like states offer a unique opportunity for photophysical investigation of nearly ideal 0D-1D hybrid systems. Moreover, understanding the excitonic properties of these states can lead to the development of novel strategies for brightening nanotube excitons beyond the intrinsic limit for future photonics applications.
We examined the excitonic characteristics of luminescent, local 0D-like states embedded in 1D carbon nanotubes. Figure 2 (a) shows photoluminescence (PL) excitation maps of carbon nanotubes with and without the doping of oxygen atoms that generate these local states 14 . The distinct luminescence peak at the energy of E 11 * (~1.07 eV) appears after the oxygen-doping treatment 14 (see Methods and
Supplementary Information S1), while the change in the intrinsic luminescence feature at E 11 (~1.25 eV) is small. The luminescence peak at E 11 * has been attributed to light emission from the 0D-like local states generated by oxygen doping in carbon nanotubes 14 . The excitation maxima at E 11 and E 11 * are coincident with the second sub-band exciton energy E 22 of (6,5) nanotubes, indicating that the photogenerated intrinsic excitons are converted into local excitons with an energy E 11 *. Hereafter, we denote the intrinsic exciton state with energy E ii as X ii , and the oxygen-derived local states with energy E 11 * as X 11 *. Figure 2 (b) compares the absorption spectra of pristine (non-doped) and oxygen-doped nanotubes. The distinct absorption peaks of intrinsic X 11 and X 22 excitons of (6, 5) nanotubes are almost unchanged, and there are no prominent absorption features originating from the X 11 * excitons around E 11 *. The small changes in the absorption spectra indicate that the number density of the X 11 * sites is very small (deduced to be on the order of one X 11 * site per micrometer; see Supplementary Information S4), and most parts of the nanotubes except for the oxygen-doped sites remain unchanged.
Figures 2(c)-(h) compare the PL and absorption spectra of various oxygen-doped nanotubes with different X 11 * peak intensities, which reflect the variable density of the local X 11 * states. We see a considerable change in the PL spectra of the pristine nanotubes, as shown in Figures 2(c) -(e). As the integrated PL intensity of the X 11 peak at E 11 (I 11 ) slightly decreases, that of the X 11 * peak at E 11 * (I 11 *) emerges and drastically increases.
In Figure 3 (a), we plotted the integrated PL intensity of the X 11 * state, I 11 *, as a function of the decreasing X 11 PL intensity △I 11 . Here, △I 11 is defined as △I 11 = |I 11 − I 0 |, where I 0 is the X 11 PL intensity of the pristine nanotubes. A linear relationship was found to exist between the change in I 11 (△I 11 ) and the value of I 11 *, as indicated by the dotted, straight line in Figure 3(a) , where the slope of the line, I 11 */△I 11 , was found to be 7.5 ± 0.6. This linear relation contains rich information on the photophysical parameters of the 0D-like X 11 * states.
In this study, as shown in Figure 3 (b), we consider the migration (diffusion) of the intrinsic 1D excitons along the nanotube and the successive trapping at extrinsic local quenching sites (defect sites), having a density n q , or at local luminescent sites (X 11 * sites), having a density of n x . Based on a 1D diffusion-limited exciton contact-quenching mechanism 8, 9 that predicts the luminescence QY η of 1D excitons, where η ∝ (n q + n x ) −2 , the ratio of I 11 * to △I 11 (for △I 11 << I 0 ) is evaluated as (see Supplementary Information S2)
where η 0 and η * are the luminescence QYs of an exciton in the X 11 (non-doped) and X 11 * states, respectively. Hence, a linear relationship between I 11 * and △I 11 is expected for small △I 11 . From Eq. 1, a value of η * /η 0 ≥ 18 ± 1 is derived from the experimental results given in Figure 3 (a). That is, the QY of a single X 11 * site is at least ~18 times larger than that obtained from a X 11 state. Thus, at room temperature, the luminescence QY of the X 11 * state, η * , is estimated to be η * ≥ 18 ± 6%, given that the QY of the X 11 excitons is η 0 = 1.0 ± 0.3%, as calculated from the reported radiative lifetime of 1.6 ± 0.3 ns 8 and the observed PL decay of X 11 excitons, as described below (also see Supplementary Information S3).
To clarify the mechanism of the large QY enhancement of the X 11 * states discussed above, we examined PL decay in pristine and oxygen-doped nanotubes, as shown in Figures 4(a) and (b). Obviously, the PL decay of the X 11 * excitons at E 11 * [red solid circles in (b)) is much slower than that of the X 11 excitons at E 11 . We conducted a numerical fitting procedure of the intensity decay I 11 (*) (t) using the stretched
with a characteristic time scale τ 0 for the E 11 PL decay based on a kinetic model of the diffusion-limited 1D exciton contact quenching 8 and using the double exponential functions for the decay of the 0D-like X 11 * excitons at E 11 * (see Supplementary Information S3).
Here, we define a quantity τ (*) = I 11 (*) (t) / 0 ∞ ∫ I 11 (*) (0)dt , which corresponds to the time-integrated exciton number normalized by the initial exciton number and related to η 0 and η * as η 0 = τ R −1 τ and η* = τ R *−1 τ * , respectively, where τ R and τ R * are the radiative lifetimes of the X 11 and X 11 * states, respectively. From the fitting procedure (see Supplementary Information S3) , the values τ = 16 ± 4 ps and τ * = 95 ± 7 ps are obtained. This contributes to the enhancement of the QY of the X 11 * excitons by a factor of approximately six times that of the intrinsic X 11 excitons.
The further QY enhancement necessary to account for the net 18× QY enhancement is attributed to the shortened radiative lifetime. Considering the experimentally estimated values of η * /η 0 ≥ 18 ±1 and τ / τ * = 0.17 ± 0.04 ≈ 1 / 6 , the ratio of the radiative lifetimes can be evaluated through the relation
indicates that the radiative decay rate of the X 11 * exciton ( 1 / τ R * ) is approximately more than three times than that of the intrinsic X 11 excitons ( 1 / τ R ).
Let us now discuss the mechanisms of the reduced non-radiative decay rate,
given as a factor of 1/6× (the extended exciton lifetime), and the enhanced radiative decay rate, given as a factor of ≥3× (the shortened radiative lifetime), of the X 11 * excitons relative to the X 11 excitons. First, the reduced non-radiative exciton decay is mainly attributed to the exciton immobilization by the localization effect. Once the mobile exciton is stopped at a local X 11 * state, the exciton can avoid collision with quenching sites and live longer, which contributes to the QY enhancement of a factor of about six times. If only this 6× factor enhancement is considered, the QY is evaluated to be 6 ± 2%, which is close to the QY ~ 7% estimated for a clean air suspended nanotube 26 .
The dimensionality modification of the excitons is more critical for understanding the further QY enhancement than recovering the original QY of intrinsic 1D excitons. Because of the 1D nature of the intrinsic X 11 excitons, their effective radiative decay rates are limited by the momentum mismatch between photons and thermally excited excitons in the 1D band dispersion 2, 3, 7 . This restriction is responsible for the characteristic 1D radiative decay rate that is proportional to T −1/2 . In contrast, the spatially localized 0D-like states should be free from this momentum restriction, which could lead to enhancement of the radiative decay rate. Considering the possible E 11 homogeneous line width of at least 10 meV at room temperature 7 , however, the enhancement factor due to this effect is at most 1.6. Hence, to fully explain the enhancement of the radiative decay rate by a factor of 3 ± 0.8, an additional enhancement mechanism of a factor of at least 1.9 ± 0.5 is required.
The remaining issue that should be addressed before we further discuss the enhancement mechanism is whether there is a lower lying dark (optically forbidden) Given the negligible change related to the existence of the dark state, we attribute the remaining enhancement of the radiative decay rate by a factor of ~2 to the increased oscillator strength owing to the squeezing of an exciton in the 0D-like X 11 * state, which is known as the giant-oscillator-strength effect of a localized exciton 28 . The radiative decay rate τ R −1 and the oscillator strength f of an exciton is related as
, where E is the exciton energy and f is approximately inversely proportional to the average electron-hole separation, i.e., the exciton size in a 1D nanotube. Hence, the radiative decay rate can be enhanced by a factor of ~2 for an exciton squeezed to be ~40% of its original size, considering the different exciton energies E 11 and E 11 *. From the size of the X 11 exciton 29 of ~2 nm in (6, 5) nanotubes, the size of the X 11 * exciton is roughly deduced to be ~0.8 nm.
Our findings regarding the strongly enhanced luminescence properties of sparsely distributed, 0D-like excitonic states beyond the intrinsic properties in 1D carbon nanotubes will stimulate research on the physics of 0D-1D hybrid systems.
Furthermore, the findings presented here will allow the development of nanotube-based novel optoelectronic devices while utilizing the advantages of both 0D and 1D
electronic systems, such as a near-infrared single-photon emitter 21 driven by direct carrier-injection 30 that can be operated even at room temperature.
Methods
Sample preparation. The oxygen-doped, (6, 5) carbon nanotubes dispersed in a D 2 O solution used in this work were prepared using ozone in the procedure reported by
Ghosh et al. 14 , but the experimental conditions and parameters were considerably modified so that the broadening of the absorption peak 14 , indicating the degradation of the intrinsic part of the nanotubes, could be minimized. Details of the sample preparation procedure are described in Supplementary Information S1. In short, was used for the photoexcitation. The measurements were conducted with the excitation energy of 2.175 eV (570 nm), which corresponds to the second sub-band exciton energy E 22 of (6,5) nanotubes. The PL peaks of the nanotubes casted on a membrane filter were broadened, suggesting a more inhomogeneous environment for the casted nanotubes than that of the micelle-suspended nanotubes. We confirmed that the temperature-dependent variation of the E 22 exciton energy is sufficiently small by observing the PLE spectra at 5 and 298 K. contributed to the interpretation of the results and writing the manuscript. All authors discussed the results and commented on the manuscript.
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Brightening of Excitons in Carbon Nanotubes
S1
. Details of the sample preparation procedure 0D-like luminescent X 11 * states in 1D nanotubes were generated using an oxygen doping method S1 . In this study, the experimental procedures, conditions, and parameters have been modified from those reported in the pioneering work by Ghosh et al. S1 . The modified procedure is optimized so that the broadening of the absorption peak, indicating the degradation of the intrinsic part of the nanotubes after the oxygen doping procedure, can be minimized. 
S2. Evaluation of the ratio of I 11 * and △I 11
First, we consider the number of photons N emitted from the X 11 states, which is related to I 11 via N ≈ AI 11 / E 11 , where A is a constant. N is proportional to the luminescence QY η and the number of photogenerated X 11 excitons N abs ,
Considering the diffusion of photogenerated 1D intrinsic excitons and successive trapping by local luminescent X 11 * sites, the number of photons emitted from the X 11 *
states N* is expressed as
where η* is the luminescence QY of a single X 11 * site, k dif is the effective decay rate of the X 11 excitons because of exciton diffusion and successive collision with local quenching sites (including local defects) and oxygen-doped sites with densities n q and n x , respectively. Only the intrinsic excitons trapped by the X 11 * sites, with a density n x , are converted into X 11 * excitons and emit photons with a QY of η*. The factor k i is the effective decay rate for all the possible mechanisms of exciton recombination other than diffusion-limited mechanisms. When k dif dominates exciton decay, k i << k dif , and the relationship k dif / (k i + k dif ) ≈ 1 is expected. Here, we assume that the conversion efficiency Y of an intrinsic exciton to a local exciton at the X 11 * site is unity. The discussion remains consistent when the conversion efficiency Y is less than unity,
provided n x is redefined as the effective number density of the X 11 * sites (in this case, the real number density of the X 11 * sites can be obtained as n x /Y.).
When the luminescence QY η is controlled by the exciton diffusion and successive contact-quenching mechanism, η for non-doped (η 0 ) and oxygen-doped (η x ) nanotubes are expressed as
and
respectively, where k 1D (T) ∝ T −1/2 is the temperature-dependent radiative decay rate of the 1D X 11 exciton S4-6 , and D(T) is the X 11 exciton diffusion constant. Using η 0 and η x , the emitted photon numbers of X 11 excitons in non-doped (N 0 ) and oxygen-doped (N x ) nanotubes are expressed as S5) and
respectively. Using Eqs. (S3)- (S6), the difference in the number of E 11 photons emitted from the pristine and oxygen-doped carbon nanotubes, ΔN ≡ N 0 − N x , is evaluated as
Comparing Eq. (S2) and (S7), for the condition of low X 11 * site density (n x << n q ), we
where the factor 2 in Eq. (S8) derives from the expression 1 + [n q / (n q +n x )] in Eq. (S7) for the condition of n x << n q . Finally, considering the relationship between the number of photons and the detected intensity, Eq. (1) in the main text is obtained as
For ΔI 11 / I 0 = ΔN / N 0 < 0.2 , which corresponds to the condition of n x < 0.12n q , Eq.
(S9) is valid within an error of less than 6%.
S3. Analysis of the time-dependent photoluminescence decay
To evaluate the PL decay parameters of X 11 * excitons, we fit the data using the convolution of the instrumental response function (IRF) with a model double exponential function,
where B is a positive parameter that is less than 1, and τ S and τ L are the short and long time decay constants, respectively. The double exponential function gave a better fit than the single exponential or stretched exponential function, which is possibly because of the inner fine structure of the X 11 * states, as will be discussed in the following section S6. The very fast initial rise of the PL profile expected for local X 11 * states was barely resoluble because of the limitation of instrumental time resolution and was therefore neglected. To fit the X 11 PL decay I 11 (t), we used the Kohlrausch (stretched exponential) function S2 ,
where τ 0 is the characteristic time scale and is related to the exciton diffusion constant D via the equation τ 0 = π / (4Dn q 2 ), which has been derived on the basis of a kinetic model of diffusion-limited exciton contact quenching S2 .
The colored solid curves in Figs. 4(a) and (b) in the main text were obtained by a numerical fitting procedure. The decay parameters thus derived are τ 0 = 8 ± 2 ps (for the X 11 PL at E 11 in pristine nanotubes), τ S = 27 ± 5 ps, τ L = 290 ± 30 ps, and B = 0.74 ± 0.02 (for the X 11 * PL at E 11 * in oxygen-doped nanotubes).
Here, we define a quantity,
which corresponds to the time-integrated exciton number normalized by the initial exciton number and related to η 0 and η* as η 0 = τ R −1 τ and η* = τ R *−1 τ * , where τ R and τ R * are the effective radiative lifetimes of the X 11 and X 11 * states, respectively.
The factors τ and τ * are calculated as τ = 2τ 0 and τ
These quantities are generally different from the averaged lifetimes
The time-integrated exciton numbers for the X 11 and X 11 * states are evaluated as τ = 16 ± 4 ps and τ * = 95 ± 7 ps from the obtained decay parameters, respectively.
S4. Evaluation of the X 11 * site density n x
From Eqs. (S3) - (S6), we obtain the relationship between the local quenching site density n q and the X 11 * site density n x as
where N x / N 0 can be obtained from the change in the PL spectra. The factor n q can be estimated from the time-resolved measurement using the relation
From Eqs. (S13) and (S14), n x is obtained as a function of D and the experimentally obtained values as
Replacing N x / N 0 by (I 0 − ΔI 11 ) / I 0 yields
where I 0 is the intensity of the X 11 PL of non-doped (pristine) nanotubes and ΔI 11 is the absolute value of the difference in the X 11 PL intensity before and after oxygen doping. Typical D values of the order of 0.1-10 cm 2 /s at room temperature have been reported S2,S7-9 . Assuming D ≈ 0.1-10 cm 2 /s, the X 11 * site density n x is ~0.4-4 µm −1 for ΔI 11 / I 0 ~ 0.1, indicating that the number of the X 11 * sites can be controlled to be of the order of 1 in a single nanotube of micrometer length.
S5. Temperature dependence of the X 11 PL intensity
Figures 4(c)-(e) in the main text show the results of the temperature-dependent PL studies. Considerably different temperature-dependent changes of the PL intensity were observed from the X 11 and X 11 * excitons. As plotted in Fig. 4(d) , with increasing temperature (T), the X 11 PL intensity exhibits rapid increase and reaches its maximum at T ~ 60 K and monotonically decreases for T > ~60 K. In contrast, the X 11 * PL intensity plotted in Fig. 4 (e) exhibits a monotonic increase with increasing T until reaching its maximum at ~200 K and slightly decreases for T > ~200 K. These temperature-dependent variations of the PL intensity from X 11 and X 11 * excitons shown in Figs. 4(c) -(e) can be understood as follows.
First, let us consider the temperature dependence of the X 11 PL. The temperature-dependent steady-state intensity from X 11 excitons I 11 (T) is expressed as
where the factor T −1/2 comes from the 1D radiative decay rate and P b (T) is the probability that an X 11 exciton is in the bright state during its lifetime. We approximate the temperature dependence of τ (T ) (as being proportional to η) taking the diffusion-limited exciton decay into account as
where k dif (T) is the effective decay rate owing to the exciton diffusion and collision with defect quenching sites, and is defined to be proportional to D(T)(n x +n q ) 2 . The factor k i is a small constant decay rate effectively representing all recombination processes other than the diffusion-limited process. In the diffusion-limited regime where the relationship k i << k dif is satisfied, the QY can be simply expressed by Eqs. In a realistic nanotube, the situation may be in between the above two extreme cases, and the dominant scattering sources for the diffusional transport of excitons should vary depending on the specific surrounding environment. We therefore leave the exponent of T as an empirical parameter, and approximate k dif (T) as
where α is an exponent depending on the exciton scattering mechanism (0 ≤ α ≤ 0.5), to be empirically determined by the fitting procedure; the factor k dif0 is determined from the experimentally obtained value of <τ (T = 300 K) > ~16 ps.
In addition to the effect of diffusional exciton transport, consideration of the exciton fine structure is also critical toward an understanding of the temperature-dependent PL of carbon nanotubes. To date, intensive theoretical and experimental studies have revealed that the intrinsic exciton PL intensity at low temperature is suppressed because of the existence of a singlet, optically forbidden (dark) exciton state lying several meV below the optically allowed (bright) exciton state in carbon nanotubes S4,S5,S12,S13 . This dark state originates from the intrinsic symmetry of the A and B sub-lattice and consequent degeneracy of K and K' valleys in momentum space S4,S5,S14,S15 . The existence of the dark state with an energy lower than that of the bright state is important because an exciton tends to be in its dark state, especially at low temperature, which effectively reduces the radiative decay rate of the excitons.
The probability that an exciton is in its bright state P b in Eq. (S17) 
Although taking the finite phonon-assisted scattering rate between the higher (bright) and lower lying (dark) states into account S13 ,
where Δ is the energy difference between the bright and dark states and g is a parameter that is proportional to the decay rate of the lower lying state and inversely proportional to the rate constant for the phonon-assisted scattering between the two states. As long as the factor g is substantially less than 1, this simplified treatment can well approximate implying that the extrinsic scattering mechanisms (α ≈ 0.5) rather than the intrinsic phonon mechanism (α ≈ 0) dominate exciton diffusion, as discussed above. Moreover, Δ ≈ 6.6 meV, obtained by the fit, is consistent with previous observations S16,S17 of bright-dark energy splitting obtained through the evaluation of the Aharonov-Bohm effect S18,S19 in carbon nanotubes. These results suggest that our model, considering both diffusion-limited exciton quenching and the existence of the dark state, successfully predicts exciton physics in carbon nanotubes placed in an arbitrary environment.
S6. Temperature dependence of the X 11 * PL intensity
Let us then consider the temperature-dependent variation of I 11 * in Fig. 4(e) . In a similar way to Eq. (S17), I 11 *(T) is expressed as
The factor N capt (T) is the number of the excitons captured by the 0D-like X 11 * sites, which may be weakly dependent on the ratio of k dif (T) and k i as
where the values of k dif (T) and k i , being consistent with the temperature-dependence of exciton bound with an impurity potential. We therefore assess both possibilities (with or without a dark state) in the fitting procedure. The ratio of P b *(T) for the X 11 * state and P b (T) for the X 11 state P b *(T) / P b (T) corresponds to the enhancement factor related to the dark exciton effect. P b *(T) / P b (T) > 1 suggests an enhancement of the effective radiative decay rate in the X 11 * state. Conversely, P b *(T) / P b (T) ≤ 1 indicates that there is no radiative decay enhancement related to the dark exciton effect.
In addition to the behavior of I 11 * at the lower temperature range, we observed a reduction of I 11 * for T > ~200 K, as shown in Fig. 4 (e) in the main text. The reduction of I 11 * in the higher temperature range can be understood as an Arrhenius-type quenching S22,S23 behavior that reduces τ * (T ) for T > ~200 K as
where E a is the activation energy corresponding to the energy needed to promote the X 11 * exciton into the original 1D X 11 state, such that E a = E 11 − E 11 * ~ 180 meV. The factor C is a constant related to the phonon scattering rate-constant and the lifetime of the X 11 * exciton, and is treated as a fitting parameter. Equation (S24) expresses exciton escape from the local X 11 * site to the 1D X 11 state owing to thermal activation, where optical phonon modes with the energies of ~170-200 meV in carbon nanotubes, which are relevant to the so-called G-mode observed in Raman spectra S24 , are available to promote the X 11 * exciton into the X 11 state.
The solid and dotted curves shown in Fig. 4 (e) in the main text are calculated using Eqs. (S22)-(S24) . For the solid curve in the figure (labeled as "with dark state"), the existence of a lower lying dark state for the X 11 * site and a finite scattering rate between the bright and dark states are assumed, where P b *(T) is calculated using Eqs.
(S20)-(S21). For the dotted curve in the figure (labeled as "without dark state"), P b *(T) = 1 is assumed regardless of T, corresponding to the condition that there is no lower lying dark state or no scattering to the dark state.
The observed variation of I 11 * shown in Fig. 4 (e) is very well reproduced by the fitting procedure, taking into account a lower lying dark state with parameters Δ* = 15 ± 4 meV and g* = 0.27 ± 0.04, implying that the local X 11 * site also has the dark state. The fit results suggest that the bright-dark energy splitting for the local X 11 * exciton is more than two times larger than that (Δ ≈ 6.6 meV) of the intrinsic 1D
excitons. From the parameters obtained by the fitting procedure, P b * / P b ~ 1 at room temperature is calculated, suggesting that the impact of the existence of the dark state on the enhancement of the X 11 * radiative decay rate is eventually small.
Let us now discuss the validity of the analysis and the obtained parameters from the numerical fitting. According to the theoretical predictions S20,S21 , the bright-dark energy splitting for an ideal impurity-bound exciton in a carbon nanotube depends on the spatial range x of the impurity potential compared with the lattice constant a. For x < a (a short range impurity potential), Δ* is predicted to be larger than Δ for the intrinsic exciton because inter-valley scattering by the short range impurity potential is possible and the scattering matrix element for the bright and dark excitons are different. Hence, we attribute the large Δ* for the X 11 * exciton to additional inter-valley scattering owing to the short range impurity potential introduced by the doped oxygen atom. An increased bright-dark energy splitting Δ* -Δ of the order of 10 meV is in a reasonable range predicted for an impurity potential placed at one carbon site S20 .
We then examine the validity of the parameter g* ≈ 0.27. The parameter g* (corresponding to g in Eq. (S21)) is expressed as g* = Γ D */γ 0 *, where Γ D * is the decay rate of the lower lying dark exciton. The factor γ 0 * is the scattering rate-constant, which determines phonon-assisted upward (γ↑*) and downward transition (γ↓*) rates S13 .
Within the three level (bright, dark, and ground levels) model that yields Eq. (S21) S13 , the time-dependent X 11 * bright exciton decay becomes a double exponential function S25 , which we actually observed in the time-dependent PL study shown in Fig. 4 
